Introduction
Assessment of forest stand-level attributes has been required for the parameterization of many process-based ecological models. Specifically, the leaf surface area has been identified as the main surface of exchange between the plant canopy and the atmosphere and has been related to canopy interception; transpiration; net photosynthesis; gas, water, crown differences (e.g., clumping and woody material contribution to total reflectance) (Williams, 1991; Huemmrich and Goward, 1997) , and (c) differences in canopy level parameters (e.g., tree height heterogeneity and the size and number of tree gaps) (Cohen et al., 1990; Cohen and Spies, 1992; Leblon et al., 1996) . The effect of the LAI saturation issue is seen in the poor correlations (R 2 ϭ 0.30 to 0.52) reported between the normalized difference vegetation index (NDVI) and LAI (Spanner et al., 1990; Nemani et al., 1993; Chen and Cihlar, 1996) . A variety of influences contribute to the poor correlations observed in the LAI-NDVI relationship, namely canopy closure, background materials (i.e., soil properties and soil moisture content), and understory contributions. Of the above mentioned three factors, canopy closure has been identified as the most important variable in determining canopy reflectance regardless of the understory component, due to the masking (i.e., occlusion of understory and ground cover) properties at varying canopy closure values (Spanner et al., 1990; Stenback and Congalton, 1990; Danson and Curran, 1993) . However, in forests stands where direct solar radiation is relatively non-occluded (LAI Ͻ3), the contribution of understory vegetation has been shown to dramatically increase the NIR reflectance from conifer stands (Nemani et al., 1993) thus affecting the overall response of NDVI. Understory vegetation may contribute up to 60 percent of total stand LAI, yet detection of this component by various remote sensing platforms/sensors has been difficult due to a variety of influences on overall spectral behavior (i.e., seasonality, canopy structure, image scene dependency, etc.). Chen (1996) reported that the effective LAI (L e ), a canopy attribute influenced by the "effect" of nonrandom foliage spatial distribution on indirect measurements of LAI, varied by less than 5 percent in boreal conifer stands from spring to summer, however the red/NIR Ratio, or Simple Ratio (SR), changed dramatically from spring to summer due to the growth of the understory. This response is a result of the dramatic influence of hardwood understory to the overall NIR reflectance from conifer forests. On average, understory accounted for approximately 20 percent of the total LAI in both old growth ponderosa pine and young ponderosa pine regeneration . Understory LAI accounted for 35 to 60 percent of the total LAI within plots of naturally regenerated young trees . The broadleaved component in the understory with a conifer overstory showed a large effect in the NIR, a moderate effect in the red, and, little to no effect in the shortwave IR regions (Peterson and Running, 1989) . Badhwar et al., (1986) found that understory NIR reflectance dominated overall reflectance from open-canopied stands.
Separating the spectral signal from multi-layered forest canopies, especially those with a significant presence of understory, has proven difficult in the assessment of LAI in those forest stands (Franklin et al., 1997; Carlson and Ripley, 1997) . We investigated the confounding effect of understory contributions to satellite-derived estimates of LAI on two loblolly pine (Pinus taeda) plantations (ages 19 and 23 years) located in Virginia and North Carolina, USA. Understory vegetation was removed from 1-hectare (ha) plots (100 m ϫ 100 m) within both stands using mechanical harvest and herbicide application in late July and early August 2002. Ikonos multispectral imagery was collected both prior and subsequent to understory removal and was evaluated for change in VI response in the harvested and non-harvested areas. LAI change, a result of the removal of understory vegetation beneath the dominant P. taeda canopy, was estimated using an integrated optical LAI estimation technique combining measurements from the Tracing Radiation and Architecture of Canopies (TRAC; 3rd Wave Engineering, Ontario, Canada) instrument with digital hemispherical photography (DHP).
Methods
In situ broadleaf forest understory contributions to overall stand LAI were analyzed on two P. taeda sites located in the Albemarle-Pamlico Basin. On these same two sites, a VI change detection analysis was completed using 4 m multiresolution Ikonos imagery. On both sites, within a 1 ha area, broadleaf understory and ground vegetation were removed using mechanical harvest and herbicide application in late July and early August 2002. Ikonos imagery was acquired pre-(IM-T1) and post-(IM-T2) harvest through the NASA Data Buy Program for analysis (Morisette et al., 2003) . In situ LAI was measured prior to and following the understory removal implementing the indirect optical estimation method integrating TRAC and DHP measurements (TRAC-DHP). IM-T1 and IM-T2 pair-wise Ikonos images for each site were first georectified then normalized using the localized relative radiometric normalization technique in order to assess change between the two dates (Elvidge et al., 1995) . Pair-wise images were then clipped to include the 1 ha site (UR region, i.e., understory removal) plus the unaltered P. taeda stand immediately surrounding the site (UA region, i.e., unaltered). VIs using the red edge properties characteristic within photosynthetically active vegetation were utilized to assess LAI change. Comparisons between dates (image-to-image) and within-date (withinimage) were made employing low-pass spatial filters at varying resolutions. An analysis of variance (ANOVA) was implemented to test for significant differences between dates (i.e., image-to-image) IM-T1 and IM-T2. A within-date (i.e., within-image) ANOVA was applied to test for differences in the IM-T2 image between the 1 ha UR and the UA regions.
Site Descriptions
Two sites chosen for this research were located on commercial forestland managed for pulp and paper production in Virginia and North Carolina. The Virginia (Appomattox) site is located in Campbell County, VA (37.219°N, Ϫ78.879 °W) approximately 15.5 km SSW of Appomattox, VA (Figure1). This upper piedmont region ranges in elevation of 165 to 215 m above mean sea level. The MeadWestvaco Corporation, a supporter of the Sustainable Forestry Initiative, permitted sampling access to the U.S. Environmental Protection Agency (EPA) for this P. taeda stand including a complete understory removal within the 1 ha UR region using mechanical harvest and herbicide application. P. taeda was planted in 1980. Predominant soil types within the county included both Typic Hapludults and Kanhapludults: Cecil (16.3 percent), Cullen (12.0 percent), Tatum (8.3 percent), and Appling (7.7 percent). Measurements of forest structural attributes (height [m] and diameter [cm] ) were made at both sites within the 1 ha areas using a point sampling method (nine plots/ha) with a basalarea-factor 10 for trees larger than 5 cm diameter at breast height (DBH) (Avery and Burkhart, 1993) . Three plots within both 1 ha UR regions were sampled for understory components (stems less than 5 cm DBH) using a 4.6 m radius fixed area sampling method. Canopy closure, defined as the percent obstruction of the sky by canopy elements, was estimated using a GRS Densitometer (Ben Meadows Co., Janesville, WI). Stocking values, expressed as trees per hectare (TPH), were 1,250 TPH for the dominant-codominant crown class and 3,790 TPH for all trees in the understory (suppressed). The Appomattox understory did not have one dominant species as found in the Hertford site understory, however all tree species were deciduous (Figure 2 ). The average diameter (DBH), measured 1.4 m above the base of the tree, was 21.6 cm. The average height of the dominant-codominant crown class was 15.9 m. This P. taeda stand supported a basal area (BA) per hectare of 36.7 m 2 , with BA defined as the cross-sectional (Appomattox) . The perimeters of both 100 m ϫ 100 m plots on both sites were flagged and a mechanical harvest was applied, effectively shredding all understory. To ensure elimination of all photosynthetically active vegetation in the understory, including forbs, herbs, and grasses, an herbicide treatment of two quarts/acre of Accord Concentrate (Dow AgroSciences, Indianopolis, IN) was applied to both plots (Plate 1). This understory component was not significant (ϳ10 to 15 percent) given the shading produced by the dominant-codominant and suppressed tree crown classes existent on both sites.
In situ LAI Measurements A number of LAI validation studies have utilized the integration of optical instruments to capture gap fraction measurements and gap size distributions to estimate L e and ⍀ E . Leblanc and Chen (2001) combined the TRAC with LICOR PCA measurements for in situ LAI, as did Jonckheere et al. (2005) . TRAC-DHP integration LAI estimation was assessed in the P. taeda pine forests of North Carolina and Virginia with good correlation to whole-tree harvest LAI estimates (Iiames, 2006) . Recently, ⍀ E has been extracted from gap size area of a tree at 1.4 m above the tree base per unit area. The crown closure was 71 percent for this forest type (Table 1) .
The North Carolina (Hertford) site, located in Hertford County, NC (36.383°N, Ϫ77.001°W), is approximately 5.8 km WSW of Winton, NC (Figure 1 ). This coastal plain site is 8 to 10 m above mean sea level with a moderately well drained thermic Aquic Hapludult soil type (Craven fine sandy loam). P. taeda was planted in 1983 and by distribution within DHP measurements, potentially eliminating the requirement of TRAC measurements to obtain the same parameter (Leblanc et al., 2005) . However, Chen et al. (2006) cautioned against exclusive use of DHP to estimate ⍀ E due to (a) the effect of multiple scattering causing a loss of leaf/needle resolution in the vertical direction, and (b) the distortion of the gap size distribution resulting from the loss of these small gaps.
Indirect optical estimation of LAI utilizing the TRAC-DHP method was completed on both sites immediately prior to (i.e., collection 2 [C2]: July 2002) and immediately following (i.e., collection 3 [C3]: August 2002) understory removal. In situ LAI change from these measurements would later be contrasted with NDVI change within-image for each site after harvest. In addition to the C2 and C3 LAI estimates, TRAC-DHP measurements were made on the Appomattox site in May 2002 (collection 1 [C1]) in order to assess LAI differences corresponding to the image-to-image NDVI change found during the same period. The TRAC-DHP indirect optical estimation method employs an equation (Equation1) developed by Chen (1996) based on the Beer-Lambert (Beer, 1853) light extinction model, taking into account that the total amount of radiation intercepted by a canopy layer is dependent on the incident irradiance, canopy structure and optical properties of the site (Jonckheere et al., 2005) . This equation (modified Beer-Lambert light extinction model) solves for true LAI and is defined: (1) where LAI is the leaf area index representing one-half of the total leaf area per unit ground surface area, ␣ is the woodyto-total area ratio, L e is the effective LAI, E is the needleto-shoot area ratio, and V E is the element clumping index. In summary, the effective LAI, L e , is estimated from DHP gap fraction measurements; the element clumping index, V E , is calculated from gap size distributions determined from TRAC measurements; the woody-to-total area and needle-to-shoot area ratios are calculated using a combination of field and laboratory methods.
The TRAC sunfleck-profiling instrument consists of three quantum photosynthetically active radiation (PAR) (400 to 700 nm) sensors (LICOR, Lincoln, NE, Model LI-190SB), two uplooking and one downlooking, mounted on a wand with a built-in datalogger . The instrument is hand-carried approximately 1 m above the ground in direct sun conditions along a linear transect at a constant speed of 0.3 m/s. Typical transect lengths of 50 m to 100 m or greater are oriented close to perpendicular to the direction of the sun and are marked in fixed intervals, typically 10 m subdivisions. A user-defined time stamp initiates the transect collection with each intermediate 10 m subdivision also marked by the user progressing along the transect. The instrument records the downwelling solar photosynthetic photon flux density (PPFD) from one of the uplooking sensors in units of mol/m 2 /s at a sampling frequency of 32 HZ. The datalogger records light-dark transitions as the direct solar beam is alternately transmitted and eclipsed by canopy elements. A 30°to 60°solar zenith angle () is recommended for TRAC measurements in order to process gap fraction. TRAC data are processed by TRACWin software to yield the element clumping index (V e ) from the deviation of the measured gap size distribution from that of randomly distributed foliage (Morisette et al., 2006) . DHP measurements were made with a Nikon CoolPix 995 digital camera with a Nikon FC-E8 fish-eye converter in diffuse light conditions. An image size of 1,600 pixels ϫ 1,200 pixels was selected at an automatic exposure. The camera was mounted on a tripod and was leveled over each stake at a height of 1.4 m using a combination of two bubble levelers, one on the tripod and one mounted on the lens cap. Proper leveling of the instrument ensured that the "true" horizon of the photograph was captured. The camera was oriented to true north in order to compare
Plate 1. Appomattox, Virginia: (a) understory harvest, (b) pre-harvest conditions, and (c) post-harvest conditions. metrics derived from other canopy gap instruments (e.g., TRAC, densitometer, etc.) . The operator would select a delayed (3 to 10 second) exposure to eliminate any vibration incurred when depressing the shutter.
Gap Light Analyzer (GLA) software (Simon Fraser University, Burnaby, British Columbia, Canada) was used to process the DHP imagery. GLA relies on the accurate projection of a three-dimensional hemispherical coordinate system onto a two-dimensional surface. After downloading the images, a GLA configuration file was created for both sites. A configuration file contains information regarding image orientation, projection distortion and lens calibration, site location coordinates, length of growing season, sky-region brightness, and atmospheric conditions. GLA requires that each image be registered with respect to the location of due north on the image and the image circular area. This image registration process required that the FC-E8 fish-eye lens be recalibrated due to an actual field of view of 185°, not 180°. The image radius was reduced accordingly so that the 90° represented the true horizon. After the image was registered, an analyst-derived threshold value was assigned, delineating sky (white pixels) from no-sky (black pixels). GLA software returns gap fraction values for the following 's: 5.6°, 16.9°, 28.1°, 39.4°, 50.6°, 61.9°, 73.1°, and 84.4°. Miller (1967) found that gap fraction measurements made at 1 radian (ϳ57.3°) for a variety of leaf or needle structures converge at a 0.5 projection coefficient (Beer-Lambert variable) . This theoretical insensitivity of gap fraction to leaf angle distribution at 57.3°eliminates the requirement for gap fraction measurements over the entire range of 's. The gap fraction at 57.3°can be determined by plotting gap fraction values against the corresponding 's. Solving for L e from the Beer-Lambert equation results in:
( 2) where P() is the gap fraction at .
The needle-to-shoot area (␥ E ) and woody-to-total area (a) ratios were measured from samples taken from two additional sites located within the same physiographic provinces as the Appomattox and Hertford sites. The needle-to-shoot area ratio was obtained through laboratory analysis of shoot samples following the methodology of Chen and Black (1992a and b) and Fassnacht et al. (1994) . The woody-to-total area ratio was estimated using ERDAS Imagine ® image processing software through an unsupervised classification technique employing the ISODATA clustering algorithm (Iiames, 2006) .
Sample Design
The primary sampling unit was the quadrant, a 100 m ϫ 100 m grid with five 100 m east-west TRAC sampling transects, labeled line 1 (L1) through line 5 (L5). The east-west grid layout aligned TRAC transects diagonal to the planted rows within both conifer sites, thereby minimizing the impact of clumping (Breda, 2003) . Interspersed among the TRAC transects were five DHP transects (lines A through E; Figure 4 ). Quadrants were designed to approximate a Landsat ETMϩ 3 pixel ϫ 3 pixel window. Quadrants on both sites were randomly selected within an area that allowed a 50 m minimum buffer to any road or open areas. The TRAC transect L1_0 m position was located using real-time (satellite) differentially corrected GPS to a horizontal accuracy of Ϯ1.0 m. From this point, TRAC transects were staked every 10 m with pre-labeled 18-inch plastic stakes. The stakes were used in TRAC measurements as walking-pace and distance markers. DHP transects were staked at the 10, 30, 50, 70, and 90 m positions located between the TRAC transects.
L e ϭ ln P(u) (Ϫ2cos(u))
Ikonos Image Processing High-resolution (4 m) 11-bit Ikonos image pairs (IM-T1 and IM-T2) corresponding to pre-and post-understory harvest conditions were acquired from NASA's Scientific Data Purchase for both sites (Morisette et al., 2003) . IM-T1 Appomattox and Hertford images were obtained on 24 May and 12 May 2002, respectively, whereas IM-T2 images were acquired on 03 August (Appomattox) and 13 August (Hertford). Acquisition time occurred within a narrow morning window of 0957 to 1032 (UTC), with collection azimuth differing significantly (123.3°) between dates for both sites ( Figure 5 ). Images were geometrically registered (georectified) to 1998 color infrared digital orthophotograph quarter-quadrangles (DOQQ) for both sites using ERDAS Imagine ® 8.6 software. Prior to the geometric registration, field ground control points were collected using Ϯ1 m real-time differentially corrected GPS (Omnistar, Houston, TX) and compared to DOQQ locations of the same point. Offsets in the X and Y direction were assessed for DOQQ accuracy prior to assuming this data layer as the base for georectification.
After the georectification process was completed image analysis was conducted to test: (a) image-to-image NDVI CDA using relative radiometric normalization technique (Appomattox site only), (b) within-image NDVI CDA (Appomattox and Hertford IM-T2 images), (c) spatial averaging unit appropriate for the P. taeda forest type, and (d) differences between NDVI and four other vegetation indices.
Image-to-Image NDVI Change Detection Analysis
To test IM-T1 and IM-T2 image-to-image NDVI change detection, the Appomattox image pair was subset to a 37.4 ha area centered about the 1 ha UR region (Plate 2). A relative radiometric normalization using an automatic scattergram-controlled regression was applied to the IM-T2 (August 2002) image in conjunction with the IM-T1 (April 2002) image (Elvidge et al., 1995) . Top-of-atmosphere reflectance-based NDVI images were created from these normalized image pairs. The 37.4 ha image pairs were then clipped to a 4.0 ha area completely contained within the P. taeda forest type, again centered about the 1 ha UR region. NDVI image subtraction was applied to both normalized images on an averaged 5 pixel by 5 pixel (i.e., 5 ϫ 5 window) basis. This 5 ϫ 5 spatial averaging window was chosen based on the spatial distribution of the trees within the two stands at Hertford and Appomattox. Stocking values of 1,250 TPH (Appomattox) translated into a nominal tree spacing of Ϯ3 m. Thus, a 20 m ϫ 20 m area 5 ϫ 5 window) would theoretically contain 50 trees with the associated gaps, more than ample size to sample the variability within this crown type. NDVI change less than either positive or negative 0.01 was arbitrarily deemed as a "no-change" pixel. Descriptive statistics were generated for both the 1 ha UR and UA regions between the two dates.
Within-Image NDVI Change Detection Analysis (CDA)
To test within-image NDVI change, both site-specific (Appomattox and Hertford) IM-T2 top-of-atmosphere reflectance-based NDVI images were subset to include both the 1 ha UR region and the similar surrounding P. taeda forest stand type (UA region). Change and no change was evaluated on an averaged 5 pixel by 5 pixel basis, employing an analysis of variance (ANOVA) to test for differences between the 1 ha UR and UA regions. While this test could be considered as a pseudoreplicated analysis (Hurlbert, 1984) , the goal was not to provide an overall test in a formal experimental design, but to explain the difference beyond the pixel-to-pixel variability.
Spatial NDVI Averaging and Testing Other VIs
Spatial NDVI averaging window sizes of 3, 5, 7, and 9 pixels were evaluated on the Hertford IM-T2 image to test for optimal resolution capturing P. taeda crown variability. Finally, percent change within the Hertford IM-T2 image was evaluated using the vegetation indices: tNDVI, , NIR -Red, and SR.
Results
In situ LAI Measurements Collections of pre-and post-harvest TRAC measurements (⍀ E ) for both sites were designed to acquire PPFD values between the optimal sampling period of 30°to 60°. However, due to limited atmospheric conditions (i.e., increased scattered clouds) or time-limited constraints associated with the distance between sites, some TRAC measurements were made outside the preferred 30°to 60°range and, therefore, the preferred time of day. TRAC measurements outside of this optimal range might bias ⍀ E estimates only if the canopy was highly clumped (i.e., ⍀ E ϽϽ1.0). However, within these two stands P. taeda ⍀ E values were close to unity indicating minimal clumping (Leblanc et al., 2005 (Table 2) . Corresponding DHP measurements were made on both sites on or within one day of the TRAC measurements within the 100 m ϫ 100 m sampling grid. The woody-to-total area (␣ ϭ 0.25) and the needle-to-shoot area (␥ E ϭ 1.21) ratios were applied to both sites in the calculation of LAI. Applying the input parameters into the modified BeerLambert light extinction model (i.e., ⍀ E (TRAC), L E (DHP), ␣, and ␥ E ), LAI (overstory and understory) was calculated for the three in situ collection periods for the Appomattox site (C1 to C3) and the two collection periods for the Hertford site (C2, C3). At the Appomattox site there was a 16.9 percent increase in in situ LAI between C1 (LAI ϭ 2.01) and C3 (LAI ϭ 2.35). However, within-image NDVI CDA revealed a 10.0 percent in situ LAI reduction between C2 (LAI ϭ 2.61) and C3 (LAI ϭ 2.35) ( Table 3) . At the Hertford site in situ LAI differences between C2 and C3 (within-image NDVI CDA) showed a 17.4 percent reduction (C1 ϭ 2.41 LAI; C2 ϭ 1.99 LAI; Table 3 ). (Iiames, 2006) . images) resulted in root mean square error (RMSE) within one-half pixel (i.e., approximately 2 m). RMSE was below onehalf pixel for the Hertford site (RMSE ϭ 0.27 m) and close to one-half pixel for the Appomattox site (RMSE ϭ 2.10 m). The IM-T1 images (Appomattox and Hertford) were registered to the corrected IM-T2 images for georectification.
Ikonos Image Analysis

Image-to-Image NDVI Change Detection Analysis
Testing image-to-image NDVI change at both sites was problematic in that the time between the two image dates (IM-T1 and IM-T2) was lengthy (73 days: Appomattox; 94 days: Hertford). Also, the nominal collection azimuths differed within the Appomattox image pairs (236.7°) and the Hertford image pairs (83.8°). Therefore, this method was applied only to the Appomattox image pair to determine if any change could be detected.
The mean UA region NDVI for the IM-T1 (May 2002) image was reduced 9.1 percent between image acquisition dates (Table 4) . Within the 1 ha UR region, a 14.3 percent decrease in NDVI was observed between the IM-T1 image and the IM-T2 image. Between-date ANOVA results indicate that there were significant differences between the 1 ha UR (p ϭ Ͻ0.0001, F ϭ 1303.9, df ϭ 1) and the UA regions (p ϭ Ͻ0.0001, F ϭ 3010.2, df ϭ 1). Within the 1 ha UR region an NDVI image subtraction (pre-harvest image NDVI minus post harvest image NDVI) resulted in 81.2 percent of the area exhibiting a decrease in NDVI greater than 0.01 NDVI change threshold. The remaining 18.8 percent of the 1 ha UR region indicated no change in NDVI. Within the UA region 11.9 percent of the area showed an NDVI decrease (Ͼ0.01), 8.5 percent resulted in an NDVI increase (Ͼ0.01), and the rest of the area was unchanged. 
Within-image NDVI Change Detection Analysis
Significant differences were detected between the 1 ha UR and the UA regions within the IM-T2 (Appomattox) NDVI image (p ϭ Ͻ0.0001, F ϭ 300.9, df ϭ 1) and the IM-T2 (Hertford) NDVI image (p ϭ Ͻ0.0001, F ϭ 30.3, df ϭ 1) (Figures 6 and 7) . A 5.0 percent decrease in NDVI was detected between the 1 ha UR and the UA regions of the IM-T2 (Appomattox) NDVI image (UR NDVI ϭ 0.493; UA NDVI ϭ 0.519), whereas only a 1.8 percent decrease was detected between the 1 ha UR and UA regions within the IM-T2 (Hertford) NDVI image (UR NDVI ϭ 0.425; UA NDVI ϭ 0.433; Table 5 ).
Spatial Averaging Window Size
The mean values between four spatial averaging window sizes (3 ϫ 3, 5 ϫ 5, 7 ϫ 7, and 9 ϫ 9) for both the 1 ha UR and the UA regions were identical (Figure 8 ). All p-values indicated significant differences in the means for the two regions (UR versus UA) within each window size (p Ͻ 0.001). Note the random noise associated with image A in Figure 8 that resulted from the 4 m NDVI values occurring over canopy gap areas with no understory vegetation (darker pixels) and other 4 m NDVI values occurring over crown tops (light pixels). The spatial averaging in panels B through E (Figure 8 ) resolve NDVI decreases at the canopy level.
Other Vegetation Indices
Analysis of the four additional vegetation indices besides NDVI revealed that NDVI and NIR -Red resulted in the detection of the largest change across all four indices (Table 6 ). The vegetation index tNDVI was the least sensitive detector of change.
Discussion
Understory effects on spectral signal to the sensor are confounded by a number of factors including the spatial distribution of variable illumination conditions (direct sunlight, sunflecks, penumbra, shade) (Miller et al., 1997) . For example, in the Boreal Ecosystem-Atmospheric Study (BOREAS), these illumination variables affected VI response dependent on forest stand type when evaluating over seasons and time-of-day (Miller et al., 1997) . Gamon et al. (2004) suggested that optical signature variability in the boreal conifer forests render LAI derived from VIs into question. It has also been shown that understanding the understory contribution to overall LAI has significance in the evaluation of ecosystem flux data. Ponderosa pine carbon-water interactions as well as Slash pine water and energy exchange have been aided by the assessment of the understory LAI contributions (Williams et al., 2001; Powell et al., 2005) . With our research, the image-to-image NDVI CDA within the Appomattox site did show a larger decrease in NDVI within the 1 ha UR region between image dates (14.3 percent) than did the IM-T2 within-image NDVI decrease between the 1 ha UR and UA regions (5.0 percent). However, the image-to-image processing technique had some underlying issues in that the IM-T1 Ikonos acquisition was 2.5 to 3 months prior to the IM-T2 acquisition. Ikonos acquisition azimuthal differences between the two image dates (123.3°) could affect shadowing and the amount of NIR reflectance received at the sensor. Also, P. taeda incurs tremendous change over the growing season, with the addition of two to three needle flushes common within this species. Sampson et al. (2003) found that P. taeda LAI varied twofold inter-annually with a minimum LAI in March to April and a maximum in September. This trend is evident when comparing the increase of in situ LAI (29.9 percent) from May 2002 (C1), to July 2002 (C2), then the expected decrease (10 percent) between C2 and C3. Viewing only in situ LAI change between C1 and C3, an increase of 16.9 percent was recorded, even though significant leaf biomass had been removed ( Figure 9 ). NDVI, contrary to the in situ LAI trend, exhibited a continually decreasing tendency between C1 to C2 (9.7 percent), then C2 to C3 (5.0 percent), with an overall NDVI decrease from C1 to C3 of 14.3 percent (Figure 9 ). Possible explanations for this decrease in NDVI with a corresponding increase in situ measured LAI may result from higher NIR reflectivity and red absorption from planophile broadleaf foliage in the understory compared to erectophile foliage typical of conifer needles (Turner et al., 1999) (Table 4) opaca (American Holly) existent within the Hertford understory (60 percent). This species is extremely shade tolerant, thus exhibits characteristics typical of this shade class (increased photosynthetic and respiratory efficiency, increased light use efficiency, and, increased leaf surface area). There is a visible difference between the leaf underside and top of leaf. The non-Lambertian surface (leaf and canopy) could produce significantly spectral differences dependent on the image acquisition angle. In addition to the Ilex opaca issue, returned reflectance to the sensor may further have been reduced by the larger presence of organic soils in this coastal plain site compared to the piedmont site (Appomattox). The question arises on how other sensor-derived NDVI might detect subtle changes in forest stand structure. Spectral vegetation indices may not be comparable due to sensor spectral and spatial characteristics (Hill and Aifadopoulou, 1990; Teillet et al., 1997; Steven et al., 2003; Soudani et al., 2006) . The primary issue affecting NDVI differences between sensors was the spectral characteristic of the red band (i.e., width, location) (Teillet et al., 1997; Soudani et al., 2006) . Ikonos-derived NDVI was observed to be systematically lower than Landsat ETMϩ -and SPOT HRVIR-derived NDVI, with an observed offset approximately 0.11 and 0.20 NDVI units dependent on image preprocessing techniques (i.e., atmospheric corrections) (Soudani et al., 2006) . No generalized Ikonos NDVI-LAI regression model was found in the literature for P. taeda in the southeastern U.S. However, a general comparison was made between withinimage Ikonos-derived NDVI change observed on both sites and retrieved NDVI differences from a species-specific nonlinear regression model developed from the HyMap (Integrated Spectronics Pty Ltd., 1997) sensor (Flores, 2003) . This equation was developed by regressing in situ estimated LAI with HyMap-retrieved NDVI on two P. taeda stands located in the North Carolina Sandhills and Coastal Plain regions. Flores (2003) found this equation to be transferable across sites, stand structures, and seasons. By applying C2 and C3 in situ LAI estimates into the Flores regression model, predicted NDVI values were retrieved for both the Appomattox and Hertford sites. The HyMap NDVI was shown to be 0.21 (Appomattox) and 0.28 (Hertford) NDVI units above those observed with the Ikonos sensor, values similar to differences observed between the Landsat ETMϩ and SPOT HRVIR sensors. Results were indifferent as to which sensor might have more appropriate detection abilities. On the Appomattox site, a 2.8 percent NDVI reduction was predicted by the Flores regression model as compared to a larger NDVI reduction (5.0 percent) observed with the Ikonos-derived NDVI. On the other site, the Flores regression model predicted a larger NDVI reduction than that observed with Ikonos sensor (5.0 percent versus 1.8 percent). It would be expected that, if available, actual observed HyMap-derived NDVI values would be more highly detectable due to the higher spectral resolution and the corrections for atmospheric interference.
The 5 ϫ 5 spatial averaging window was chosen to offset issues inherent within higher spatial resolution sensors: (a) the introduction of heterogeneity at a finer scale than that from which in situ LAI is measured, and (b) the resolving of canopies at the individual tree level (Cohen et al., 1990; Turner et al., 1999) . Regarding the comparison of the various VIs, NDVI detected the most change in biomass compared to the other four indices. Both sites had yet to reach the asymptotic point in the NDVI-LAI relationship; thus, the relationship was described as linear. However, the SR vegetation index may be more useful in areas of higher biomass due to the linear relationship with LAI (Flores, 2003) .
Conclusions
Appomattox results showed that the percentage of removed understory detected by the Ikonos sensor in a piedmont site was 5.0 percent when compared to an actual in situ LAI reduction of 10.0 percent. The Hertford results showed that a larger percentage of NDVI change was undetected by the Ikonos sensor (1.8 percent) when compared to the actual LAI reduction as measured in situ (17.4 percent). Possible reasons for these differences may be based upon underlying soil types (organic) and/or bi-directional reflectance distribution functions for the non-Lambertian Ilex opaca canopy. Off-nadir image acquisitions for both sites would inhibit view of understory conditions for both sites (solar elevation Ϸ 65°).
